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(57) ABSTRACT

Implementations relate to methods, devices produced by the
method, and systems using the devices, for forming three-
dimensional interconnect structures for ink piezoelectric
printheads. A piezoelectric element array for an ik jet print
head can include a plurality of piezoelectric elements spaced
from adjacent piezoelectric elements by an interstitial space.
Each piezoelectric element can include a central void space
formed 1n a first intermediate layer between the piezoelectric
clement array and a second intermediate layer that 1s operable
to function as a Iree space for portions of the piezoelectric
clements to actuate into when subjected to the voltage.

8 Claims, 10 Drawing Sheets
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HIGH DENSITY THREE-DIMENSIONAL
ELECTRICAL INTERCONNECTIONS

FIELD

The present teachings relate to the field of 1ink jet printing
devices and, more particularly, to methods and structures for
high density piezoelectric 1nk jet print heads and a printer
including a high density piezoelectric ik jet print head.

BACKGROUND

Drop on demand 1nk jet technology 1s widely used in the
printing industry. Printers using drop on demand ink jet tech-
nology can use either thermal ink jet technology or piezoelec-
tric technology. Even though they are more expensive to
manufacture than thermal ink jets, piezoelectric ink jets are
generally favored, for example because they can use a wider
variety of inks.

In solid inkjet printing technology, ik, 1n solid form, 1s
heated to a printing temperature and ejected from a printhead
nozzle by a plurality of ejectors (actuators). The 1nk can be
deposited, for example, directly onto a print medium or onto
a media transier device such as a heated rotating drum which
transfers the ink through physical contact with the print
medium.

To provide suitable print quality using solid inkjet printers,
it 1s desirable to dispense ink from the ejectors at a tempera-
ture which 1s within a few degrees of a target temperature. The
target temperature for solid ink can be between about 105° C.
and 140° C. The temperature of the melted ink can be main-
tained by heating the printhead with a heated mass such as a
flexible polyimide thin film layer with metal traces of gold or
copper on the polyimide surface. The heater 1s assembled
using adhesive layers, and heats the printhead which transters
the heat through contact with the ink as it flows through
channels 1n the printhead.

Piezoelectric ik jet print heads include an array of piezo-
clectric elements (1.e., transducers or PZTs), where the array
includes an interspatial gap between adjacent piezoelectric
clements to provide the correct spacing between each piezo-
clectric element. Piezoelectric 1ink jet print heads can typi-
cally further include a flexible diaphragm to which the array
ol piezoelectric elements 1s attached. When a voltage 1s
applied to a piezoelectric element, typically through electri-
cal connection with an electrode electrically coupled to a
power source, the piezoelectric element bends or detlects,
causing the diaphragm to tlex which expels a quantity of 1nk
from a chamber through a nozzle. The flexing further draws
ink into the chamber from a main ink reservoir through an
opening to replace the expelled 1nk.

To attach an array of piezoelectric elements to pads or
clectrodes of a flexible printed circuit (flex circuit) or to a
printed circuit board (PCB), a quantity (e.g., a microdrop) of
conductor such as conductive epoxy, conductive paste, or
another conductive material 1s dispensed individually on the
top of each piezoelectric element. Electrodes of the flex cir-
cuit or PCB are placed 1in contact with each microdrop to
facilitate electrical communication between each piezoelec-
tric element and the electrodes of the flex circuit or PCB.

Achieving reliable electrical connections or interconnects
between piezoelectric elements and a circuit layer becomes
more challenging at increasing print head resolutions. Design
constraints that require dimensionally smaller PZTs reduce
both the surface area available for forming an electrical inter-
connect as well as the area for 1ts surrounding bond adhes1ve,
which can result 1n weaker electrical interconnects that may
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fail after stressing due, for example, to thermal cycling, ther-
mal aging, and PZT actuations.

To operate a piezoelectric printhead, electrodes should be
in contact with individual lead zirconate titanate (PZT) ele-
ments. In piezoelectric printhead with 600 DPI or 1200 DPI,
either silver epoxy or bumped flex circuit 1s used to address
individual PZT elements. As the resolution of the printhead
increases, the area of individual PZT elements decreases.
Therefore, the alignment of silver epoxy and bumped flex
circuits to PZT elements will be more difficult. On the other
hand, because the contact arecas between silver epoxy or
bumped flex circuits and individual PZT elements are large,
the detlection of PZT 1s hindered.

What 1s needed, then, are improved high-density three-
dimensional 1nterconnection approach {for piezoelectric
printheads.

SUMMARY

In implementations, a method for forming an array of
individual actuation elements having a three-dimensional
clectrical interconnection arrangement for a solid ink jet print
head 1s disclosed. The method can include attaching a layer of
piezoelectric material at a bottom surface to a top surface of a
diaphragm layer, wherein the piezoelectric material 1s oper-
able to actuate when subjected to a voltage; attaching a bot-
tom surface of a first intermediate layer to a top surface of the
piezoelectric material, wherein the first intermediate layer
comprises one or more segmentable portions corresponding
to the individual actuation elements and wherein each of the
one or more segmentable portions comprises a void that 1s
operable to function as a free space for portions of the piezo-
clectric material to actuate into when subjected to the voltage;
attaching a bottom surface of a second intermediate layer to a
top surface of the first intermediate layer, wherein the second
intermediate layer comprises one or more segmentable por-
tions corresponding to the one or more segmentable portions
of the first intermediate layer; forming one or more vertical
via holes near a corner position of each of the one or more
segmentable portions of the first intermediate layer and the
second 1ntermediate layer to provide an electrical intercon-
nect pathway between the top surface of the piezoelectric
matenal, the top surface of first intermediate layer, and a top
surface of the second intermediate layer; forming one or more
clectrically conductive pathways along the one or more ver-
tical via holes comprising a microbump at a top surface of
cach of the one or more and electrically conductive pathways;
and vertically separating a portion of the layer ol piezoelectric
materal, the first intermediate layer, the second intermediate
layer to form the array of individual actuation elements on the
diaphragm layer.

In 1mplementations, the first intermediate layer and the
second 1mtermediate layer can include material, such as, but
not limited to, silicon or polyimide.

In implementations, the microbump can be formed using
an electroplating process where the microbumps are pat-
terned or defined using a photolithography process.

In implementations, the method can further include elec-
troplating the microbump and the one or more vertical via
holes through the top surface of the piezoelectric material.

In implementations, the method can comprise bonding lay-
ers of the actuation elements using a liquid adhesive material
or a patterned B-stage adhesive film.

In 1mplementations, a piezoelectric element array for a
solid 1k jet print head 1s disclosed. The array can include a
piezoelectric element array comprising a plurality of piezo-
clectric elements, wherein each piezoelectric element 1s
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spaced from adjacent piezoelectric elements by an interstitial
space, and wherein each piezoelectric element comprises a
central void space formed 1n a first intermediate layer
between the piezoelectric element array and a second inter-
mediate layer that 1s operable to function as a free space for
portions of the piezoelectric elements to actuate into when
subjected to the voltage, and wherein each of the plurality of
piezoelectric elements comprise one ore more electrodes
formed 1n one or more via holes 1n the first intermediate layer
and the second mtermediate layer operable to provide an
clectrical interconnect pathway between a top surface of the
piezoelectric material, a top surface of first intermediate
layer, and a top surface of the second intermediate layer.

In 1mplementations, the first mtermediate layer and the
second intermediate layer can include material such as, but
not limited to, silicon or polyimide.

In implementations, the electrical interconnect pathway
can be electroplated and can include a microbump at a top
surface of the electrical interconnect pathway.

In 1mplementations, the first mtermediate layer and the
second intermediate layer can comprise an inorganic mate-
rial, such as, silicon, or an organic material, such as, a poly-
mer, such as, a polyimide.

In 1implementations, the electrical interconnect pathway
can be electroplated and can include microbumps at a top
surface of the electrical interconnect pathway.

In implementations, an ik jet printer 1s disclosed and can
comprise an ink jet printhead, comprising: a piezoelectric
clement array comprising a plurality of piezoelectric ele-
ments, wherein each piezoelectric element 1s spaced from
adjacent piezoelectric elements by an interstitial space, and
wherein each piezoelectric element comprises a central void
space formed 1n a first intermediate layer between the piezo-
clectric element array and a second intermediate layer that 1s
operable to function as a free space for portions of the piezo-
clectric elements to actuate into when subjected to the volt-
age, and wherein each of the plurality of piezoelectric ele-
ments comprise one ore more electrodes formed 1n one or
more via holes 1n the first intermediate layer and the second
intermediate layer operable to provide an electrical intercon-
nect pathway between a top surface of the piezoelectric mate-
rial, a top surface of first intermediate layer, and a top surface
of the second intermediate layer. a circuit layer attached to the
standofl layer and comprising a plurality of conductive pads
attached to the plurality of piezoelectric elements through the
plurality of opemings; and an ink path through the 1k jet print
head; and a printer housing which encases at least one 1nk jet
print head.

In 1mplementations, the first mtermediate layer and the
second intermediate layer can comprise material selected
from the group of: silicon and polyimide.

In 1implementations, the electrical interconnect pathway
can be electroplated and can include a microbump at a top
surface of the electrical interconnect pathway.

In implementations, the ink jet printer can further comprise
a heater operable to heat a solid ink stored in the ik jet
printhead to a desired temperature to provide the solid 1nk in
a Torm suitable for printing with the ink jet printer.

In implementations, the piezoelectric element array can be
operable to eject a predetermined amount of ink stored in the
ink jet print head when subjected to an actuating voltage.

In implementations, the ink can be a solid ink or an aqueous

ink.
DESCRIPTION OF DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, 1llustrate implemen-
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tations of the present teachings and together with the descrip-
tion, serve to explain the principles of the present teachings.

FIG. 1 shows an example partial perspective view of an
actuator assembly according to implementations of the
present disclosure.

FIG. 2 shows an example 1sometric view of a 3 by 3 PZT
array on the top of a stainless steel diaphragm according to
implementations of the present disclosure.

FIG. 3 shows an example 1sometric with cross-sectional
view of an embodiment of three-dimensional electrical inter-
connections according to implementations of the present dis-
closure.

FIG. 4. (a) shows an example modeling structure, (b) hori-
zontal deflection vs. diagonal deflection, and (¢) the compari-
son between the deflection with PZT on a stainless steel
diaphragm and the deflection of the structure shown 1n FI1G. 3
under the same driving conditions according to implementa-
tions of the present disclosure.

FIG. 5 shows an example process of fabricating three-
dimensional electrical interconnections as shown in FIG. 3.

FIG. 6 depicts an example printer according to implemen-
tations ol the present disclosure.

DETAILED DESCRIPTION

Reference will now be made in detaill to exemplary
embodiments of the present teachings, examples of which are
illustrated 1n the accompanying drawings. Wherever pos-
sible, the same reference numbers will be used throughout the
drawings to refer to the same or like parts.

In general, implementations of the present disclosure relate
to a high-density three-dimensional interconnection designed
to avoid the previously mentioned drawbacks of current
designs. The high-density three-dimensional interconnect
approach can be used in printheads using a variety of ink
types including solid ink and aqueous ink. Firstly, an imple-
mentation may only use the least detlected area of the PZT
element, 1.e. the corners, for the electrical interconnections,
leaving the area with larger detlection area unatfected. Sec-
ondly, an implementation may use through holes on the pack-
aging layer for electroplated three-dimensional electrodes.
The packaging layer can have the function of both mechani-
cally bonding the PZT elements and electrically addressing
the PZT elements.

As used herein, unless otherwise specified, the word
“printer” encompasses any apparatus that performs a print
outputting function for any purpose, such as a digital copier,
bookmaking machine, facsimile machine, a multi-function
machine, electrostatographic device, etc. Unless otherwise
specified, the word “polymer” encompasses any one of a
broad range of carbon-based compounds formed from long-
chain molecules including thermoset polyimides, thermo-
plastics, resins, polycarbonates, epoxies, and related com-
pounds known to the art.

An embodiment of the present teachings can result 1n a
more robust physical connection between the circuit layer and
the PZT array, and may result in decreased stresses on the
interconnection which electrically couples the PZT to the
circuit layer.

FIG. 1 illustrates a partial perspective view of an actuator
assembly 100, according to an embodiment. It should be
readily apparent to one of ordinary skill in the art that the
system depicted 1n FIG. 1 represents a generalized schematic
illustration and that other components/devices can be added,
removed, or modified.

Referring to FI1G. 1, actuator assembly 100 may be config-
ured for use 1n a print head of an inkjet printer. More particu-
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larly, the actuator assembly 100 may be disposed adjacent an
ink path or chamber and/or a nozzle plate, such that the
actuator assembly 100 1s capable of ejecting ink from the
chamber and/or path, through nozzles 1n the nozzle plate, as
well as drawing the ink into the chamber and/or path for the
next round of ejection.

Actuator assembly 100 may generally include a plurality of
layers, which may be stacked, one on top of the other in a
generally parallel arrangement. For example, actuator assem-
bly 100 may include diaphragm 102, array of actuators 104,
standoif layer 106, and flexible printed circuit 108.

Diaphragm 102 may be constructed of one or more metals
such as titanium, nickel, or a metal alloy, for example a metal
alloy having a coelficient of thermal expansion (CTE) of
between about 3 micrometers per meter for each degree Cel-
sius (ppm/° C.) and about 16 ppm/° C., or a dielectric such as
silicon nitride. Further, diaphragm 102 may be generally tlex-
ible, such that diaphragm 102 1s configured to deflect during
use of actuator assembly 100, so as to eject ink through the
nozzle.

Array of actuators 104 can be disposed generally adjacent
to diaphragm 102, and can be coupled thereto. Actuators 104
can include one or more piezoelectric transducers configured
to deflect when an electrical current 1s applied thereto.
Deflection of actuators 104 may cause adjacent portions of
diaphragm 102 to correspondingly detlect. It will be appreci-
ated that actuator assembly 100 may include any number of
actuators 104, for example, tens, hundreds, thousands, or
more, separated by any suitable distance. In implementations,
the PZT material can be diced into small tiles to create indi-
vidual or independent actuators. In other implementations,
the PZT 1s not diced into small tiles, but remains on the same
piece of PZ'T matenial. As such, each actuator 1s operable to
actuate a small part of the PZ'T matenal.

Standoil layer 106 may be disposed generally adjacent
array of actuators 104, with array of actuators 104 being
disposed between diaphragm 102 and standoil layer 106.
Standoff layer 106 may be constructed at least partially from
silicon dioxide, SU-8 photoresist, another type of dielectric
material, combinations thereof, and/or the like. In some
embodiments, standoif layer 106 may exhibit adhesive prop-
erties, so as to bond to array of actuators 104, for example. In
such embodiments, standoil layer 106 may be constructed, at
least partially of, a silicone compound such as dialkyl sili-
cone, wherein the alkyl groups can be chosen from C, to C,
alkyls, such as methyl and ethyl. For example, the dialkyl
silicone can be dimethyl silicone. In other embodiments,
standofl layer 106 can exhibit substantially no, or at least
negligibly little, adhesive properties, such additional adhe-
stves and/or other fastening devices, processes, etc. may be
employed to maintain the position of standoif layer 106 with
respect to array of actuators 104.

Flexible printed circuit 108 may include body having top
side 114 and bottom side 116, with bottom side 116 facing
generally toward diaphragm 102. It will be appreciated that
“top,” “bottom,” “up,” “down,” “left,” “right,” as well as any
other directional terms, are intended merely as a convenient
way to refer to relative relationships between components as
illustrated 1n the Figures provided herein, and is not intended
to be limiting on the orientation relative an absolute plane.
Moreover, flexible printed circuit 108 may be a metallized
clectrical mterconnect layer, for example, with body being
generally formed from a layer of polyimide, and having con-
ductive traces formed therein, which may be coupled with
contact pads. The traces may extend along bottom side 116 of
body, and may be coupled with a power source via an appli-
cation specific integrated circuit (ASIC), another type of inte-
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grated circuit, and/or the like. Moreover, the traces and/or
contact pads may be formed from gold, silver, copper, com-
binations thereof, and/or any other electrically conductive
clement. Further, the traces and contact pads may be formed
form the same or different materials.

FIG. 2 shows an 1sometric view of a 3 by 3 PZ T array on the
top of a stainless steel diaphragm. It should be readily appar-
ent to one of ordinary skill 1n the art that the system depicted
in FIG. 2 represents a generalized schematic illustration and
that other components/devices can be added, removed, or
modified.

Referring to FIG. 2, the actuation part of a piezoelectric
printhead includes a large amount of parallelogram PZT seg-
ments 205. Although FIG. 2 shows a 3 by 3 PZT array, 1t will
be appreciated that a larger array including hundreds or thou-
sands of piezoelectric elements can be formed. For example,
print heads may have a 344x20 array of piezoelectric ele-
ments 205. To gject an mk droplet, a voltage needs to be
applied on both the top and the bottom sides of a correspond-
ing PZ’T segment 205. To operate the printhead, 1t 1s necessary
to electrically address a large amount of PZT segments 2035
individually. Diaphragm 210, for example a conductive stain-
less steel diaphragm, can be used as a common (1.¢. bottom)
clectrode to all the PZT segments 205. Different approaches
can be used to make electrical connections to the top side of
PZT, 1.e., silver epoxy and bumped flex circuit.

FIG. 3 shows an example 1sometric cross-sectional view of
an embodiment of three-dimensional electrical interconnec-
tions for use 1n an actuation element for a solid ikjet print-
head 1n accordance with implementations of the present dis-
closure. It should be readily apparent to one of ordinary skill
in the art that the system depicted in FIG. 3 represents a
generalized schematic illustration and that other components/
devices can be added, removed, or modified.

Referring to FI1G. 3, the actuation portion of the piezoelec-
tric printhead includes diaphragm layer 305 that 1s operable to
support one or more individual actuation elements 310. If
more than one individual actuation element 1s present, they
can be arranged on diaphragm layer 305 1n a predetermined
pattern having a uniform spacing or interstitial space 315
between individual actuation elements. The arrayed pattern
of individual actuation elements 310 can be provided to and
attached to a top surface of diaphragm layer 305. Each indi-
vidual actuation element 310 comprises a layered structure in
a generally rectangular configuration. Other geometric con-
figurations of actuation elements can also be used. The base of
each individual actuation element, which 1s closest to dia-
phragm layer 305, comprises a layer of piezoelectric material
320. Void 323 or cavity can be provided above a top surface of
piezoelectric material 320. Void 3235 or cavity provides a
deflection cavity for a portion of piezoelectric material 320 to
actuate or detlect into when subjected to a proper voltage.
Void 3235 can be provided by first intermediate or packaging
layer 330 having a precut section removed from around a
center section of package layer 330. Second intermediate or
package layer 335 can be provided and attached to package
layer 330. Although FIG. 3 shows only two package layers
330 and 335, additional package layers can be provide so long
as void 325 1s provide adjacent to piezoelectric material to
create the deflection cavity.

By way of a non-limiting example, package layer 330 and
335 can include morganic matenal, e.g., silicon (S1), and
organic material, e.g., polymer, one example of which 1is
polyimide. Each layer, including diaphragm layer 305, piezo-
clectric material 320, package layer 330, and package layer
335, can be bonded to each other using a variety of tech-
niques. For example, layers can be bonded by applying a
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liquid adhesive layer, e.g., SU-8 or SU 8, which 1s an epoxy-
based negative type photoresist that can be used for water-
level MEMS packaging, or a patterned B-stage adhesive film,
¢.g., a thermal plastics such as Bonding Film 406, which 1s a
flexible, light colored, thermoplastic adhesive bonding film
that has good adhesion to a variety of substrates, including
metals, and 1s sold by 3M with headquarters 1n St. Paul, Minn.
For the liquid adhesive, the layers can be bonded by applying
heat and pressure to cure the adhesive. For the thermal plas-
tics, heat and pressure 1s applied to cure the adhesive. For
example, the amount and duration of applying the heat and/or
pressure 1s such that the thermal plastic melts to make 1t stick
to the top and bottom of the surfaces that are to be bonded, but
no so high in temperature, e.g., at or above 200° C., that the
PZT matenal loses 1ts function.

Each individual actuation element 310 includes one or
more conductive members 340, for example, plated elec-
trodes and/or microbumps vertically formed through each
layer, including diaphragm layer 305, piezoelectric matenal
320, package layer 330, and package layer 335, to provide an
clectrical pathway from piezoelectric material 320 to cir-
cuitry (not shown) formed on a top surface of the actuation
portion of the printhead.

The three-dimensional arrangement of electrical intercon-
nections, shown in FIG. 3 and described further below, can
provide a number of advantages over conventional arrange-
ments. For example, by providing the three-dimensional elec-
trical interconnections having package layer(s) 330 and/or
335 attached to or bonded on the top of the individual piezo-
clectric segments 310, larger diameter cavities or voids 1n
package layer 330 and/or 335 can be achieved, which save
free space for the deflection of the piezoelectric segments
310. The contact area between the piezoelectric segments 310
and package layer(s) 330 and/or 335 corresponds to piezo-
clectric segments 310 with the least deflection. Also, smaller
diameter vias, for example, about a few micrometers 1n size,
in package layer(s) 330 and/or 335, can formed and plated
through the metal layer on the top of the piezoelectric seg-
ments 310. The plated metal on the top of package layer(s)
330 and/or 335 can be defined either during or after the
plating process to form more complicated circuitry or to
connect directly to external circuits. In the embodiment
shown 1n FIG. 3, there are two circular electrodes 1n through
holes for each PZT segment 310. This design can be gener-

alized to one or a plurality of electrodes with different shapes.

FIG. 4(a) shows an example modeling structure for the
structure shown i FIG. 3. FIG. 4(b) shows the modeled
horizontal detlection vs. diagonal deflection for the model of
FIG. 4(a). FIG. 4(c) shows the comparison between the
deflection with the piezoelectric elements on a stainless steel
diaphragm and the detlection of the structure shown 1n FI1G. 3
under the same driving conditions.

Numerical modeling was conducted by the inventors to
ensure the performance of the structure shown in FIG. 3. FIG.
4(a) shows one design of piezoelectric dimension. With such
design, the horizontal and diagonal deflection with 40 V
applied on the center piezoelectric segment 1s shown 1n FIG.
4(b). It can be concluded that corners have larger area with
small deflections. Therefore, it 1s advantageous to place the
three-dimensional electrical connections in the corner area.
FIG. 4(c) compares the deflections between a structure of
piezoelectric elements on the top of a stainless steel dia-
phragm and the structure shown 1n FIG. 3, with a circular
cavity (diameter=440 micrometers). It can be concluded that
the packaging layer(s) and electrodes decrease the detlection
of the piezoelectric elements, but to a limited amount. The
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geometry and dimension of the packaging layer can be opti-
mized to maximize the piezoelectric deflection.

The advantages of the design as shown 1n FIG. 3 include
the ability to achieve high densities, because the electrode 1in
contact with the PZT top surface can as small as a few
micrometers. This allows 1t to be used for higher density
printheads, such as 1200 DPI and 2400 DPI printheads.
Moreover, the cavity 1n the packaging layer(s) allows maxi-
mum PZT deflections. The electrode geometry on the top
packaging layer surface can be flexibly designed to accom-
modate different external circuit interfaces.

FIG. 5 shows an example fabrication process for the three-
dimensional electrical interconnections as shown in FIG. 3.
At 503, a layer of piezoelectric matenal or PZT, at a bottom
surface, can be attached to or bonded with a top surface of a
diaphragm layer. The piezoelectric matenal 1s operable to
actuate when subjected to a voltage. At 510, a bottom surface
of a first intermediate layer can be attached to or bonded with
a top surface of the piezoelectric maternal. The first interme-
diate layer can comprise one or more segmentable portions
corresponding to the individual actuation elements. Each of
the one or more segmentable portions can comprise a cavity
or a void that 1s operable to create and detlection cavity and
function as a free space for portions of the piezoelectric
material to actuate into when subjected to the voltage. At 5185,
a bottom surface of a second intermediate layer can be
attached to or bonded with a top surface of the first interme-
diate layer. The second intermediate layer comprises one or
more segmentable portions corresponding to the one or more
segmentable portions of the first intermediate layer. At 520,
one or more vertical via holes can be formed, for example, by
an etching process, near a corner position of each ol the one or
more segmentable portions of the first intermediate layer and
the second 1intermediate layer to provide an electrical inter-
connect pathway between the top surface of the piezoelectric
material, the top surface of first intermediate layer, and a top
surface of the second intermediate layer. The etching process
stops at the PZT top surface. At 525, a photoresist layer 1s
provided to a top surface of the second 1intermediate or pack-
aging layer having a pattern with opening for holes for
microbump formation. At 530, one or more electrically con-
ductive pathways can be formed along the one or more ver-
tical via holes comprising a microbump at a top surface of
cach of the one or more and electrically conductive pathways.
For example, the electrical interconnect pathway can be
formed by an electroplating process where one or more met-
als can be used to form electrical connections from the top
surface of the piezoelectric layer to the top of the packaging
layers. At 535, the photoresist layer 1s removed. At 540, the
layer of piezoelectric matenal, the first intermediate layer, the
second intermediate layer can be vertically separated or diced
with a saw or stmilar cutting tool to form or singulate the array
of individual actuation elements on the diaphragm layer.

After completing the print head, one or more print heads
according to an embodiment of the present teachings can be
installed into a print device. FIG. 6 depicts a printer 610
including a printer housing 612 which encases at least one
print head 614 including a plurality of supports in accordance
with the present teachings as discussed above. During opera-
tion of the printer 610, ink 616 1s ejected from the one or more
print heads 614. Each print head 614 is operated 1n accor-
dance with digital instructions to create a desired 1nk 1image
616 on a print medium 618 such as a paper sheet, plastic, etc.
Each print head 614 may move back and forth relative to the
print medium 618 in a scanning motion to generate the printed
image swath by swath. Alternately, each print head 614 may
be held fixed and the print medium 618 moved relative to it,
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creating an 1image as wide as the print head 614 1n a single
pass. Each print head 614 can be narrower than, or as wide as,
the print medium 618. In another embodiment, each print
head 614 can print to an intermediate surface such as a rotat-
ing drum or belt (not depicted for stmplicity) for subsequent
transier to a print medium.

The present disclosure 1s not to be limited 1n terms of the
particular implementations described i1n this application,
which are intended as illustrations of various implementa-
tions. Many modifications and variations can be made with-
out departing from 1ts spirit and scope, as will be apparent to
those skilled 1n the art. Functionally equivalent methods and
apparatuses within the scope of the disclosure, 1n addition to
those enumerated herein, will be apparent to those skilled 1n
the art from the foregoing descriptions. Such modifications
and variations are intended to fall within the scope of the
appended claims. The present disclosure 1s to be limited only
by the terms of the appended claims, along with the full scope
of equivalents to which such claims are entitled. It 1s to be
understood that the terminology used herein 1s for the purpose
of describing particular implementations only, and 1s not
intended to be limiting.

With respect to the use of substantially any plural and/or
singular terms herein, those having skill 1n the art can trans-
late from the plural to the singular and/or from the singular to
the plural as 1s appropriate to the context and/or application.
The various singular/plural permutations may be expressly
set forth herein for sake of clanty.

Modern image processing and image analysis concern sta-
tistical likelithoods more than absolutes. They are statistical
clforts to produce a desired state and/or result. Accordingly,
no limitation in the description of the present disclosure or its
claims can or should be read as absolute. The limitations of
the claims are intended to define the boundaries of the present
disclosure, up to and including those limitations. To further
highlight this, the term “substantially” may occasionally be
used herein 1n association with a claim limitation (although
consideration for varnations and imperfections 1s not
restricted to only those limitations used with that term). While
as difficult to precisely define as the limitations of the present
disclosure themselves, we intend that this term be interpreted
as “to a large extent”, “as nearly as practicable”, “within
technical limitations”, and the like.

Notwithstanding that the numerical ranges and parameters
setting forth the broad scope of the present teachings are
approximations, the numerical values set forth 1n the specific
examples are reported as precisely as possible. Any numerical
value, however, inherently contains certain errors necessarily
resulting from the standard deviation found in their respective
testing measurements. Moreover, all ranges disclosed herein
are to be understood to encompass any and all sub-ranges
subsumed therein. For example, a range of “less than 10” can
include any and all sub-ranges between (and including) the
minimum value of zero and the maximum value o1 10, that 1s,
any and all sub-ranges having a minimum value of equal to or
greater than zero and a maximum value of equal to or less than
10, e.g., 1 to 5. In certain cases, the numerical values as stated
for the parameter can take on negative values. In this case, the
example value of range stated as “less than 10” can assume
negative values, e.g. -1, -2, -3, =10, =20, =30, etc.

While the present teachungs have been illustrated with
respect to one or more 1mplementations, alterations and/or
modifications can be made to the illustrated examples without
departing from the spirit and scope of the appended claims.
For example, 1t will be appreciated that while the process 1s
described as a series of acts or events, the present teachings
are not limited by the ordering of such acts or events. Some
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acts may occur 1n different orders and/or concurrently with
other acts or events apart from those described herein. Also,
not all process stages may be required to implement a meth-
odology 1n accordance with one or more aspects or embodi-
ments of the present teachings. It will be appreciated that
structural components and/or processing stages can be added
or existing structural components and/or processing stages
can be removed or modified. Further, one or more of the acts
depicted herein may be carried out 1n one or more separate
acts and/or phases. Furthermore, to the extent that the terms
“including,” “includes,” “having,” “has,” “with,” or variants
thereol are used in either the detailed description and the
claims, such terms are intended to be inclusive 1n a manner
similar to the term “comprising.” The term “at least one o™ 1s
used to mean one or more of the listed items can be selected.
Further, 1n the discussion and claims herein, the term “on”
used with respect to two materials, one “on” the other, means
at least some contact between the materials, while “over”
means the materials are 1in proximity, but possibly with one or
more additional intervening materials such that contact 1s
possible butnotrequired. Neither “on” nor “over” implies any
directionality as used herein. The term “conformal” describes
a coating material in which angles of the underlying material
are preserved by the conformal material. The term “about™
indicates that the value listed may be somewhat altered, as
long as the alteration does not result in nonconformance of the
process or structure to the illustrated embodiment. Finally,
“exemplary” indicates the description 1s used as an example,
rather than implying that 1t 1s an ideal. Other embodiments of
the present teachings will be apparent to those skilled 1n the
art from consideration of the specification and practice of the
disclosure herein. It 1s intended that the specification and
examples be considered as exemplary only, with a true scope
and spirit of the present teachings being indicated by the
tollowing claims.

Terms of relative position as used 1n this application are
defined based on a plane parallel to the conventional plane or
working surface of a workpiece, regardless of the orientation
of the workpiece. The term “horizontal” or “lateral” as used 1n
this application 1s defined as a plane parallel to the conven-
tional plane or working surface of a workpiece, regardless of
the orientation of the workpiece. The term “vertical” refers to
a direction perpendicular to the horizontal. Terms such as
“on,” ” “over,”

on,” “side” (as i “sidewall”), “higher,” “lower,
“top,” and “under” are defined with respect to the conven-
tional plane or working surface being on the top surface of the
workpiece, regardless of the orientation of the workpiece.

While various aspects and implementations have been dis-

closed herein, other aspects and implementations will be
apparent to those skilled 1n the art. The various aspects and
implementations disclosed herein are for purposes of 1llustra-
tion and are not intended to be limiting, with the true scope
and spirit being indicated by the following claims.

What 1s claimed 1s:

1. A piezoelectric element array attached to a diaphragm

for an 1nk jet print head, comprising:;

a diaphragm configured to eject ink during deflection of the
diaphragm, wherein the diaphragm comprises a first side
and a second side opposite the first side;

a piezoelectric element array comprising a plurality of
piezoelectric elements overlying the first side of the
diaphragm, wherein each piezoelectric element 1is
spaced from adjacent piezoelectric elements by an inter-
stitial space and each piezoelectric element comprises:
a piezoelectric layer overlying the first side of the dia-

phragm and configured to detlect the diaphragm 1n
response to a voltage;
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a first intermediate layer, wherein a portion of the piezo-
clectric layer 1s interposed directly between the dia-
phragm and the first intermediate layer;

a second intermediate layer, wherein a portion of the first
intermediate layer 1s interposed directly between the
piezoelectric layer and the second mntermediate layer;

a central void space defined 1n part by the first interme-
diate layer and located between a surface of the piezo-

clectric layer and a surface of the second intermediate
layer, wherein the central void space 1s operable to
function as a free space for a portion of the piezoelec-
tric layer to actuate into when subjected to the voltage;
at least one via hole that extends through the second
intermediate layer and the first intermediate layer; and
at least one electrode formed 1n the at least one via hole,
wherein the at least one electrode 1s operable to pro-
vide an electrical interconnect pathway between the
piezoelectric layer and a top surface of the second
intermediate layer through first intermediate layer.

2. The piezoelectric element array attached to the dia-
phragm according to claim 1, wherein the first intermediate
layer and the second intermediate layer comprises an 1nor-
ganic material.
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3. The piezoelectric element array attached to the dia-
phragm according to claim 2, wherein the inorganic material
includes silicon.

4. The piezoelectric element array attached to the dia-
phragm according to claim 1, wherein the first intermediate
layer and the second intermediate layer comprises an organic
materal.

5. The piezoelectric element array attached to the dia-
phragm according to claim 4, wherein the organic material
includes a polymer.

6. The piezoelectric element array attached to the dia-
phragm according to claim 5, wherein the polymer includes
polyimide.

7. The piezoelectric element array attached to the dia-
phragm according to claim 1, wherein the electrical intercon-
nect pathway 1s electroplated and includes microbumps at a
top surface of the electrical interconnect pathway.

8. The piezoelectric element array attached to the dia-
phragm according to claim 1, wherein each piezoelectric
clement further comprises four corners and at least two of the
electrodes, wherein each of the two electrodes 1s located 1n
one of the four comers.
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